In the present study, we conducted DNA metabarcoding (the nuclear ITS2 region)
Indoor fungi are traditionally determined by culture-dependent methods (e.g. Ebbehøj et al. 2002) , which have a low taxonomic resolution, underestimate diversity, and bias results towards fungi that grow well on generic growth media and produce characteristic morphological structures allowing identification. In fact, there are many cryptic fungal species that cannot be distinguished morphologically or based on reproductive characteristics (Sato and Murakami 2008; Brown et al. 2013 ). Presently, taxon-specific microbial markers combined with quantitative PCR methods are also used for identifying fungal specimens (e.g. Simoni et al. 2011; Jacobs et al. 2014 ).
Recent advances in DNA sequencing provide an effective tool for species detection and biomonitoring using DNA present in the environment. Specifically, DNA metabarcoding through high-throughput sequencing (next generation sequencing) allows the characterization of the species composition of bulk samples, including both intact and degraded DNA extracted from environmental samples (eDNA, i.e., cellular DNA from living cells or organisms and extracellular DNA resulting from cell death and subsequent destruction of cell structure) (Taberlet et al. 2012; Bohmann et al. 2014; Yang et al. 2014; Valentini et al. 2015) .
Metabarcoding uses universal PCR primers to mass-amplify a taxonomically informative gene from mass collections of organisms or from environmental DNA.
In the present study, to increase precision in analyses and to provide useful data and tools for end-users on the environmental quality of indoor spaces, and to discover existing biodiversity in indoor fungal communities, we conducted DNA barcoding (the nuclear ITS2 region) for indoor fungal samples. The internal transcribed spacer region (ITS, comprising spacers ITS1 and ITS) of the nuclear ribosomal DNA is the formal DNA barcoding region for molecular identification of fungi (Schoch et al. 2012) . It has been shown that ITS1 and ITS2 yield closely similar results when used as DNA barcodes for fungi (Blaalid et al. 2013) . Thus, the use of ITS2 in fungal metabarcoding is justified. In this study, we wanted to test, how effective DNA D r a f t 5 barcoding is when analysing the taxonomic diversity of fungal communities in indoor spaces.
The additional novelty was that we collected samples from different types of buildings and included multiple samples from each building at different time points (i.e., a longitudinal study approach). Two buildings were sampled both before and after renovation in order to discover, whether the renovation affected the fungal composition.
Materials and methods
Samples were collected from five buildings, including two university buildings, two nursery schools and an old inhabited farmhouse (field crop production nearby). The farmhouse is located in the county of Porvoo, about 40 km to the east from Helsinki, while other buildings are located in Helsinki (about 60°14' N, 25°01' E). Sampling was conducted four times: January 2013, July 2013, January 2014, and July 2014. All buildings were not sampled on every occasion (Table 1) . Both nursery schools were renovated during the study due to respiratory symptoms reported by some employees and minor visible water damage and mould growth, and we sampled them both before and after renovation, which primarily included changes in surface materials and improved ventilation. Sampling was performed using a collector with a disposable filter (DUSTREAM Collector, Indoor Biotechnologies Inc., Charlottesville, VA, USA; mesh size 40 µm) attached to the tube of a vacuum cleaner with the suction power of 32 L/s. Both a horizontal (tables or shelves) and vertical (walls) sample were collected by vacuuming an area of about 2 m 2 /sample (i.e., two 2 m 2 samples per room) from two rooms in each of five buildings (two office rooms in each university building, two playrooms in each nursery school, and two bedrooms in the old farmhouse; nursery schools and the farmhouse had suspected mould problems). Thus, the maximum number of samples per sampling time was 20.
After vacuuming, the filter containing the dust was removed from the collector and placed in a plastic bag until processing. In a fume hood in the lab, filters were cut, rinsed with water, and the dust and water were poured into a petri dish, where large non-biological particles were removed. Thereafter, the samples were dipped in liquid nitrogen and ground in a ball mill, and DNA was extracted using the CTAB (cetyl trimethylammonium bromide) method (Doyle and Doyle 1987). The final volume was 100 µl.
For the metabarcoding of the fungal samples, genomic ITS2 sequences were amplified and sequenced using two approaches. All sequencing was conducted at the DNA Sequencing and Genomics Laboratory, Institute of Biotechnology, University of Helsinki. The sequencing for the samples from January and July 2013 were conducted using 454 FLX pyrosequencing (Roche Applied Science, Penzberg, Germany), as described in Korpelainen et al. (2015) . The following primer systems were used: The used tag marker sequences were as follows: TCTGTA, CTACTG, CAGCTC, ATCATG, AGATAT, CGACGC, CATGCA and TCTATG.
However, sequencing for the samples from January and July 2014 were performed using Illumina MiSeq sequencing (San Diego, CA, USA), for which ITS2 sequences were first amplified using the following primer system (forward ITS4 mix + reverse ITS3 mix):
Forward ITS4 mix including three primers:
Reverse ITS3 mix including three primers:
All 20-µl PCR reactions contained 2 µl of template DNA, and the concentration of each primer was 0.25 µM. After Illumina sequencing, primer sequences were removed from the raw reads, and quality control, as described by Brown et al. (2013) , followed. During this process, lowquality reads (below average PHRED score of 25) and short sequences (< 100 bp) were removed. Then, all other sequence data were subjected to similarity search against GenBank (www.ncbi.nlm.nih.gov/genbank), and assignment of taxonomic identities using TAXAassign (https://github.com/umerijaz/ taxaassign) was conducted with 60, 70, 80, 95, 95, and 97% thresholds for different taxonomic ranks, which may correspond to phylum, class, order, family, genus and species levels, respectively. However, these thresholds are tentative and should be treated with special caution, except for the 97% threshold, which is, by convention, used as a divergence threshold for operational taxonomic units (OTUs) that serve as a proxy for species 
Results
Relatively small-scale pyrosequencing was conducted for the first two sets of samples 85.8% were successfully assigned to the genus level and 49.0% to the species level. We present diversity and taxonomic information based on genus level data unless otherwise specified. genera; 2.77±0.88). In Nursery 1, which underwent a small-scale renovation, the diversity index did not change, while in Nursery 2, which was renovated extensively, the diversity index increased from 1.18 to 3.07.
When the fungal taxa detected in each sample were divided into four groups, filamentous ascomycetes, filamentous basidiomycetes, yeasts, and other fungi, the results showed great variation in proportions among sampling sites and times ( Fig. 1) , and no detectable patterns among samples within and between buildings were found. The proportions of sequences corresponding to filamentous ascomycetes, filamentous basidiomycetes, yeasts, and other fungi were 62.3%, 8.0%, 28.3% and 1.4%, respectively. The taxonomic content of the 14 pooled fungal samples, based on the ITS2 sequence data, was analyzed using principal component analysis (PCA) (Fig. 2) . Two components 
D r a f t
14 DNA metabarcoding is a very promising approach to biodiversity investigations, and its effectiveness to recover the diversity present in mixed-species samples has been already tested for a range of organisms and environments, and even for poor-quality and low-quantity DNA (e.g. Taberlet et al. 2012; Bohmann et al. 2014; Valentini et al. 2015) . However, there are also potential limitations and difficulties that should be considered, such as errors during PCR and sequencing, quantitative assessment of different organisms, sequence coverage of reference databases (although fast improving), and species with incomplete lineage sorting for the barcode markers, which can lead to errors in identification. Yet, the increased and all the time improving precision obtained through DNA metabarcoding provides a highly potential tool for analysing, for example, indoor mycoflora. However, the full interpretation of even very accurate biodiversity results can be challenging. For instance, in the present study, we discovered that making explicit conclusions on the relationship between the indoor air quality and mycoflora is complicated by the occurrence of wide changes in spatial and temporal diversities and compositions among samples. In future DNA metabarcoding studies, a wider range of buildings, both with and without mould problems, should be investigated to allow deeper insights into the air quality issue of indoor space. In addition, the whole problem concerning fungi and other microbes in indoor air may be closely linked with decreases in the overall biodiversity and consequent alterations in the indigenous microbiota, and increased susceptibility to allergies.
Evidence for the biodiversity hypothesis proposing a connection between biodiversity and allergic diseases has been provided in several recent investigations (e.g. Hanski et al. 2012; Ruokolainen et al. 2015 
